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ABSTRACT

Domain walls are leading platforms for the development of ultra-low power switching and memory devices due to their potential to be
moved, created, and erased in real time and to mitigate heat flux. Interface vs wavelength size effects unfortunately preclude the measure-
ment of phonons by traditional spectroscopic techniques, so it has been challenging to unravel the primary excitations of the lattice and the
symmetries that they represent across these functional interfaces. In this work, we employ synchrotron-based near-field infrared nanospec-
troscopy to image polar domain walls in multiferroic NizTeOg. This is a unique platform because, in addition to hosting polar and chiral
domains that are interlocked with one another, Ni;TeO¢ displays both charged and neutral interfaces depending upon the direction allowing
the development of structure—property relations. From a local structure and a strain point of view, we find charged walls that are twice as
wide as neutral walls as well as strong frequency shifts of vibrational modes across the charged walls. The near-field amplitude drops across
the walls as well. We discuss these trends in terms of polarization and chirality as well as phonon lifetimes at functional interfaces.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0278594

I. INTRODUCTION

Electric polarization is a desirable material property because it
can be readily manipulated and controlled. Often, this parameter is
associated with the rich domain structure in ferroelectrics where the
spontaneous polarization direction switches across the interfacial
domain walls.'™ Ferroelectric walls can be created in varying densi-
ties and moved and erased in real time with the application of exter-
nal stimuli.” Naturally, they are attracting considerable attention
as platforms for logic, sensing, and neuromorphic computing,>**~*
In these systems, both charged and neutral domain walls can be
formed depending upon the orientation of the polarization in adja-
cent domains. A residual bound charge at the wall, typically from
head-to-head or tail-to-tail orientations of the polarization, will

create a charged wall, whereas an antiparallel orientation with no
bound charge will result in a neutral wall.” Of course, polar systems
fall into two broad categories: ferroelectrics and pyroelectrics. The
latter has a polarization and even domain walls, but it is not switch-
able and, in fact, replies on temperature change to modulate the
polarization. Still, they manifest useful characteristics similar to their
ferroelectric counterparts providing an additional platform for exam-
ining the properties of polar domain walls.

Domain wall structures have been explored using different
imaging techniques, including force and electron microscopies.'’™"
It turns out that polar interfaces host a variety of exciting proper-
ties, including changes in symmetry and conductivity that differ
from the bulk."”™'® That said, domain walls are under-explored by
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spectroscopic methods.'”™"” This is because the spatial resolution
of most spectroscopic techniques tends to be restricted by the Abbe
diffraction limit, which is typically a few micrometers. In order to
probe the dynamics of nanoscale interface like domain walls, we need
to reach beyond traditional spectroscopic approaches toward more
novel instrumentation such as synchrotron-based near-field infrared
spectroscopy [Fig. 1(a)]. The latter is a tip-based technique that com-
bines atomic force microscopy (AFM) and Fourier transform infrared
spectroscopy to beat the natural diffraction limit of light to enable real
space imaging at the nano-scale’’ Use of a high-brightness
accelerator-based source rather than a laser enables broad band
infrared imaging even into the far infrared.”'~’ The fundamental
excitations of the lattice tend to reside in this frequency region—
especially in materials with heavy centers.

Synchrotron-based near-field infrared spectroscopy has been
employed to examine both proper and hybrid-improper ferroelec-
trics.”*** Naturally, there is interest in extending toward more
complex systems. NizTeOg is a polar antiferromagnet (Tyx = 53 K)
crystallizing in the R3 space group.”® It hosts a corundum-like
structure with three inequivalent nickel sites (designated Niy),
Ni;), and Nig;;) and tellurium where the metal centers are orga-
nized along Cc [Flg 1(b)] T€O6—Ni(ﬁi)06 and Ni(,’)Oﬁ—Ni(ii)Oﬁ octa-
hedra are edge sharing within each layer, and Ni(;Og and Nig;:)Os
are face sharing between layers. Chirality arises along ¢, the polar

(@)

Synchrotron
ring

AFM tip

Scattered
light

Sample holder

Stage

FIG. 1. (a) Diagram of the synchrotron-based near-field infrared setup. The
spacial resolution is on the order of 20 x 20nm?. (b) Crystal structure of
Ni3TeOs. (c) The basic building block of NizTeOg is shown with each unique
metal center indicated. Chirality in this material originates from a 120° rotation
of neighboring building block units along ¢.2"*®
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axis, as a consequence of the 120° rotation of the 3 NiOs and
1TeO¢ octahedra that make up the basic building blocks of
Ni;TeOg [Fig. 1(c)].”” This results in both left- and right-handed
incommensurate chiral helices from which an overall net chirality
arises.”® The chiral nature of these domains is easy to visualize
using transmission polarized optical microscopy. The opposing
crystal regions appear as dark and light green areas; the interfaces
correspond to domain walls—a consequence of the interlocked
polarization and chirality. Ni;TeOg is, therefore, a superb platform
for unveiling interlocked polar and chiral domains,*® colossal magne-
toelectric effects,””*" and nonreciprocal directional dichroism.”'
We point out that while this system is polar, it is not switchable.

The interlocked domain walls in Ni; TeOg offer an exceptional
imaging opportunity. The neutral, polar, out-of-plane domain
walls, originating in the ab-plane, meander through the sample and
when exposed along ¢ can end up in a charged orientation where
the polarization and chirality are both in-plane. At the same time,
neutral domain walls oriented linearly along ¢ provide a chance to
analyze the spectral contrast and simultaneously unravel structure-
property relations in an unusual setting. Synchrotron-based near-
field infrared imaging reveals an especially large frequency shift in a
c-polarized vibrational mode at charged domain walls. It is signifi-
cantly larger than those associated with the neutral walls. In compar-
ing these trends, we resolve the implications of both polarization and
on-end chirality on the domain wall properties. The ability to quan-
tify the consequences of charge accumulation at a functional inter-
face in terms of a phonon lifetime opens new avenues of exploration
in heat management as well.'"**="

Il. METHODS
A. Crystal growth and domain wall imaging

Thick single crystals of NizTeOg were grown by flux methods
to expose the c-axis as previously described.”® Domain walls were
exposed and enhanced using vibratory polishing in a fine colloidal
silica. Areas of both charged ab and neutral ¢ polar walls were
identified and imaged using piezoresponse force microscopy
(PFM) and an optical microscope under cross-polarized light.
These optical images and the structures revealed were used as a
navigation tool in order to identify topographical regions of interest
to scan using atomic force microscopy, which allowed us to locate
and examine the spectroscopic response of the polar domain walls.

B. Far-field spectroscopies

The near-field response was compared to that of traditional
techniques. Far-field infrared measurements were performed over the
frequency range of 20-700 cm™! using a Bruker IFS 113V spectrom-
eter in a transmittance mode on a polycrystalline paraffin pellet.
Absorption was calculated as a(w) = —dl—hln(T(w)), where d is the
sample thickness, h is the concentration, and 7 (@) is the measured
transmittance. Additionally, complementary single crystal Raman
scattering measurements were performed using a Horiba LabRam
HR Evolution spectrometer equipped with a 50x objective,
1800 g/mm grating, and a 532 nm laser at a power of approximately
35uW. Aperture-based techniques are diffraction limited and
therefore have a spot size on the order of several micrometers.
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Consequently, the far-field spectrum provides an averaged
response of the crystal over multiple domains.

C. Synchrotron-based near-field infrared spectroscopy

Near-field infrared spectroscopy was performed at beamline
22-IR-2 at the National Synchrotron Light Source II, Brookhaven
National Laboratory.”””>*> Our measurements focused on the
second harmonic signal between 250 and 800cm™' in order to
capture the behavior of the infrared-active phonons in this system.
This work was performed at room temperature due to the robustness
of the polar domain walls in Niz; TeOg. The collected spectra are nor-
malized to a gold reference mirror. The spatial resolution of this tip-
based technique is approximately 20 x 20 nm?. Both point and line
scans were carried out in this work. Each line scan was approxi-
mately a micrometer in length, and a 20 nm step size was employed.
Additional information is available in the supplementary material.

Ill. RESULTS AND DISCUSSION
A. Locating neutral and charged walls

Atomic force microscopy directly images surface textures in
different types of materials, including insulating stripes in V,05””
and ferroelastic domain walls in the hybrid-improper ferroelectric
Ca;Ti,0,. In both materials, there is a structural component
associated with these textures, which is necessary for this type of
imaging. In AFM, domain walls appear as very distinct linear defor-
mations in the topographical image with relatively small amplitude
changes—generally just tens of nanometers. In terms of direction
and location, the ferroelectric/ferroelastic walls appear to be in good
agreement with other imaging techniques, including optical micros-
copy and other tip-based methods, such as PEM. However, in mate-
rials where the walls are purely ferroelectric with no additional strain,
as is the case in h-(Lu, Sc)FeOs,”* these walls cannot be visualized
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using AFM and as such rely on the use of markers or structural
defects on the sample surface to navigate and locate.

When Ni3TeOg is preferentially grown to expose the
c-direction, the crystal reveals both 180° polar charged walls origi-
nating from the ab-plane and non-charged c-walls. In neutral walls,
the polarization directions of +P and —P are aligned antiparallel to
one another across the wall. In the charged walls, the polarization is
oriented in either head-to-head or tail-to-tail alignment. A repre-
sentation of both antiparallel and head-to-head walls is shown in
Fig. 2(a). Due to the interlocking,” the chiral helices must be
aligned edge-to-edge at the neutral walls and end-to-end at the
charged walls. The general locations of these walls can be deter-
mined using the transmission polarized optical images as shown in
Fig. 2(b), where the polarization and the chiral axis along ¢ are in
the plane of the exposed crystal face. To perform near-field infrared
measurements on each of these walls, they must be specifically
located using AFM. Scans were methodically performed using
intermittent tapping from the edge of the sample down through
the region where the neutral walls should be located [Fig. 2(b), blue
box] and back up as represented by the white arrows; however, no
walls could be topographically visualized. This is because polariza-
tion is completely compensated in these walls leaving no residual
bound charge and, thus, no structural deformation.'"” The camera
used in the AFM is not equipped with polarizers, so in order to
find the neutral walls, we scoured the sample surface for defects.
Due to the vibratory polishing method used to expose the walls, the
sample surface was incredibly smooth and virtually defect free.
Therefore, previously performed PFM scans and optical images
were overlaid with a view of the cantilever positioned over the
sample in the AFM to narrow down the location of the walls.
An example of this method is shown in Fig. 2(c). From their over-
lapping, 1-1.5 micrometer near-field infrared line scans were per-
formed using a step size of 20 nm to capture the spectroscopic
signature of the neutral wall. Multiple charged walls were imaged

(d) 30.0nm
250
200
/ 150
100
[S—
1pm
00

FIG. 2. (a) General structural relationship between adjacent domains for both neutral and charged walls. Pink and green arrows show the orientation of chirality and polari-
zation, respectively. For the purposes of this discussion, the orientation of the chiral helices across a neutral wall is referred to as being edge-to-edge to one another, while
the chiral helices across a charged wall are described as being on-end to one another. (b) Polarized optical transmission reveals the general location of both charged ab
walls (pink boxes) and neutral ¢ walls (blue box). The white arrows show the approximate path of AFM scans performed in an attempt to visualize the neutral walls. (c) An
image of the cantilever position above the sample is overlaid on an optical image to show the location of our neutral wall line scans. (d) Representative AFM image of a
charged wall. The white arrow indicates the location and direction of our near-field line scan.

81:10:91 G20z 1snbny 50

J. Appl. Phys. 138, 055302 (2025); doi: 10.1063/5.0278594
© Author(s) 2025

138, 055302-3


https://doi.org/10.60893/figshare.jap.c.7928828
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

using AFM in different regions of the sample. A representative
AFM image is shown in Fig. 2(d). These polar walls can be topo-
graphically visualized, which indicates that more substantial struc-
tural distortion must be present to stabilize the bound charge.

B. Identifying relevant phonon modes in NizTeOg

In optical images of the crystal, regions of light and dark
green are indicative of opposing chiral domains.”® Near-field infra-
red point scans were taken in both regions of chirality, and they
were confirmed to have the same spectroscopic signature. A repre-
sentative near-field point scan was compared to far-field infrared
and Raman spectra, as well as previously reported DFT-calculated
phonon frequencies (Fig. S1 in the supplementary material).*' Both
the near-field amplitude and phase, corresponding to the real and
imaginary parts of the near-field signal, are included for complete-
ness.””** The predicted phonons are in good agreement with the
experimental spectra. As with other materials with a R3 structure,
all of the optical modes in Ni3TeOg are both infrared and Raman
active. In the infrared response between 300 and 700 cm™', many
of the modes overlap making it difficult to extract the precise
phonon position. Phonon frequencies correlating to a charged wall,
mode symmetries, and displacement patterns are listed in Table L.

C. Near-field imaging of domain walls

We performed multiple near-field infrared line scans across
charged ab polar domain walls located in different regions of the
crystal. Each of these scans yielded consistent results. The typical
near-field response for these walls is shown in Figs. 3 and 4. Five
regions of pronounced phonon intensity are highlighted by the
contour plot in Fig. 3(a). Here, the near-field frequency is plotted as
a function of distance traveled across a one micrometer line scan
where the color scale represents the near-field amplitude.
A near-field amplitude change and hardening are apparent in multi-
ple modes as the walls are crossed. The contour plot reveals the
width of the charged wall to be approximately 80 nm. All of the
charged walls measured fall within the range of 80-100 nm in width.

ARTICLE pubs.aip.org/aip/jap

Additionally, near-field amplitude is plotted as a function of distance
in Fig. 4(a), which further highlights the amplitude change across the
wall. The fixed distance plot in Fig. 4(b) provides a more ubiquitous
representation of the data where a spectrum averaged over the width
of the wall is compared to an averaged region from within the adja-
cent domain. A difference spectrum is also plotted for clarity. The
amplitude decreases most strongly at 470 cm™', which is assigned to
a stretching mode where Ni;), Nigi), and Te are displaced down
along c, while Nig;) remains stationary. Conversely, at 596 cm™,
assigned to an in-plane contraction of the oxygens around the metal
centers, there is nearly no observable amplitude difference suggesting
that this mode is resilient to changes at the charged wall. At the
interface, considerable hardening of 3 and 5.6cm™! takes place in
the modes at 470 and 543 cm™!, respectively (Table I). These fre-
quency shifts are consistent with increases in the force constants of
approximately 1%. The largest is highlighted in Fig. 4(c).

Near-field infrared line scans were also performed across
neutral c-oriented domain walls. Once again, each wall had a con-
sistent response, and a representative wall is subsequently shown.
The contour plot in Fig. 3(b) displays the near-field infrared fre-
quency plotted as a function of distance traveled along the line
scan. The near-field amplitude, represented by the color scale,
decreases as the wall is approached near 330 nm. The decrease in
amplitude here is similar to that of the charged walls and exhibits
the characteristic pinching shape; however, it is only half as thick,
with a width of approximately 40 nm. This is consistent for all of
the neutral walls that we measured. The fixed frequency plot in
Fig. 4(d) is similar in shape to what we find for the charged wall.
As the wall is crossed, the amplitude decreases and flattens out to a
local minimum before increasing again. The change in amplitude is
less significant in the fixed distance plot for the neutral wall [Fig. 4(e)]
than for the charged wall. Slight hardening was observed in some
cases (Fig. S2 in the supplementary material); however, these
shifts are relatively small and fall below the sensitivity limit of our
instrument. Note that the magnitude of the change at the wall
varies between the two spectra; however, the difference spectra
maintain a similar shape.

TABLE |. Approximate experimental phonon frequencies (taken from a charged wall), mode symmetries, and displacement patterns for NisTeOs. The abbreviations u, d, I, and
r encode displacement patterns of up and down (along c) and left and right (in the ab-plane), respectively, for the metal centers in order Ni—Nig)—-Ni-Te. A “=" indicates
essentially no change. Compressions, contractions, and rotations are also listed.*' The frequency shift, A o, at the wall is indicated for both the charged and neutral walls.

81:10:91 G20z 1snbny 50

Aw (cm™")

o (cm™) Mode symmetries Mode displacement patterns Charged Neutral
362 E oct. compression ab 0 0
366 A udud; oct. compression ¢ 0 0
394 A oct. twist 0 0
453 A d-dd + oct. twist 0 0
470 E oct. compression ab + twist 3 0
523 E oct. twist ab 0 0
543 A oct. contraction + rotation ¢ 5.6 2.3
596 E oct. contraction a(b) 0 1
645 A oct. axial stretching 0 0
672 E oct. contraction (a+b)(a—b) 0 2.1
688 A oct. asymmetric stretching 0 0
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FIG. 3. Contour plots of the near-field amplitude across (a) charged and (b) neutral domain walls in NizTeOg at room temperature. Here, the distance traveled along the
path of the line scan is plotted against the frequency where the near-field amplitude is described by the color scale. The dashed white lines indicate the bounds of the

walls.

The considerable differences between the two types of walls
are useful for unraveling the complex relationship between polar-
ization and chirality in NizTeOg where the orientation of the chi-
rality is interlocked with that of the polarization. For a neutral
wall, opposite chiral helices are oriented edge-to-edge, whereas
in charged walls, they are on-end to one another. The polarization ori-
entation in NizTeOs originates from the off-centering of Ni;)/Nig;
from Ni(;;)/Te, where the displacement of the latter is greater. For the
neutral domain walls, the width is significantly narrower than for the
charged wall. This suggests that when the lattice is oriented so that
the chiral and polar axes are edge-to-edge and antiparallel to one
another, the interface is softer allowing for a faster evolution of polari-
zation and chirality (over a shorter distance). The larger overall change
in the near-field amplitude at the charged walls is due to the stiffer
interface resulting from the structural stabilization required to main-
tain a bound charge at the wall. This suggests that neutral walls,
having less of an energy cost, are likely more prevalent throughout the
sample.*>** In both types of walls, the phonon modes between 450
and 480 cm™! appear to be directly involved in strain relief at the
wall as indicated by the significant amplitude changes. The greatest
frequency shifts are seen at the charged walls. Although some of
the frequency shifts at the neutral walls are below our sensitivity,
there are many modes that do not harden suggesting that these
shifts are meaningful and may be highly informative. Based on the
direction of the polarization axis, phonon hardening would be
expected in the modes along c if the hardening was strictly polari-
zation driven. Yet, the neutral walls have nearly equivalent harden-
ing in displacement patterns related to both ¢ and ab. Another
consideration is the orientation of the chiral helices at the interface.
At the neutral walls, polarization causes hardening in the displace-
ment associated with the octahedral contraction and rotation

around ¢ as is expected due to the polarization orientation;
however, there are also frequency shifts associated with modes that
displace solely in ab. This indicates that the additional strain
caused by the chirality at the interface also plays a role in the mag-
nitude of the hardening at the walls. It is reasonable that the stiffer
on-end helices of the charged walls would have a greater impact on
the frequency shift than the edge-to-edge helices of the neutral
walls. The mode at 470 cm™! related to the octahedral compression
and twist correlates to tightening of the chiral helices, which creates
a more strained interface at the charged walls. Similarly, the on-end
chirality accounts for the substantial 5.6cm~! hardening at the
charged walls in the mode corresponding to contraction of the Ni
(iii) and Te metal centers along and oxygen rotations around c.

D. Estimating phonon lifetimes at the domain walls

There are a number of properties, including heat capacity,
thermal expansion/contraction, and heat dissipation that derive
from phononic behavior.””~*” One way to quantify specific contri-
butions to these effects is via phonon lifetimes.”® The expression is
7o = RB/T, where T is the full width at half-maximum for each
phonon. The phonon lifetime 7, is a measure of how long the
phonon propagates before a scattering event occurs. A large 7, is
consistent with a long mean free path, efficient heat dissipation,
and high thermal conductivity. In practice, it can be challenging to
evaluate 7, from the near-field response due to sensitivity issues.
This is because one has to extract the linewidth I" with high reliabil-
ity in a spatially resolved manner. It turns out that if we consider the
relative change in the phonon lifetime between the domain and
domain wall, defined as Az, the uncertainty is dramatically
reduced. Evaluating only the higher frequency phonons, which are
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FIG. 4. Fixed frequency cuts of the ab- and c- walls (a) and (d) taken from the near-field infrared images of NizTeOg in Fig. 3. Six distinct phonons are discernible from
the contour plot. Five of these features display a marked amplitude decrease as the wall is crossed. Comparison of fixed distance cuts of the near-field image (b) and (e)
from within the walls (red) vs the adjacent polar domains (blue). Difference spectra are plotted for clarity (purple). The A symmetry octahedral contraction and rotation
around ¢ at 543 cm~" displays the most significant hardening and is emphasized in (c). () A representative oscillator fit from which we extract phonon lifetimes.

simpler to resolve, also improves reliability and provides a “proof of
principle” that this technique has the potential to reveal such differ-
ences. Overall, we find that phonons in Ni;TeOg host lifetimes on
the order of 1 ps (Tables II and SI in the supplementary material).

TABLE II. Representative phonon lifetimes and changes in lifetime are shown at
both charged and neutral walls.

That said, there are significant modifications to certain phonon life-
times at the neutral and charged walls. For instance, the change in
the phonon lifetime (A7) for the axial stretching mode at
645 cm™, oriented along c, is on the order of 10% in the case of the
neutral wall, whereas there is no appreciable difference for the
charged walls. Alternately, Az, for the stretching mode associated
with ab-plane contraction at 672 cm™! is between 10% and 20% for
the charged walls but negligible in the neutral walls. In both cases,
Aty is essentially zero for modes oriented along the stiffer chiral

Charged wall Neutral wall interface. In the case of the neutral walls, the asymmetric octahedral
© (cm™)  Tn (pS) Aty (%) 7 (ps) Aty (%) stretching mode at 688 cm™! also seems consistent with phonon life-
time increases at the wall.
Domain 596 0.37 0.43
645 0.19 0.14
672 0.27 0.24 IV. SUMMARY
688 0.37 0.77 In order to explore the properties of polar domain walls in a
Domain wall 596 0.32 ~13 0.37 —14 multiferroic with interlocked chirality and polarization, we
645 0.19 0 0.12 ~12 employed synchrotron-based near-field infrared nano-spectroscopy
672 0.23 ~13 0.24 0 to image the 180° charged and neutral interfaces in NizTeOe.
688 0.34 —~10 0.91 19 Comparison of the contour, fixed distance, and fixed frequency

plots reveals that charged walls are twice as wide as neutral walls
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due to added strain created at the interface from on-end chiral
helices. Additionally, neutral walls appear to display a lower energy
cost of formation compared to their charged counterparts, support-
ing the idea that neutral walls are more energetically favorable in
this system. The chirality is responsible for much of the stiffness at
the interface and, therefore, the magnitude of the hardening of
certain phonons at the wall. The largest frequency shift takes place
in an octahedral contraction and rotation along ¢ modifying the
force constant by approximately 1%. Our estimates reveal that
phonon lifetimes are on the order of 1ps or less, with marked
changes at the charged and neutral walls. The strained interface
caused by the chiral helices may reduce the change in 7, of some
modes at the wall.

SUPPLEMENTARY MATERIAL

See the supplementary material that contains additional details
regarding the traditional far-field measurements, synchrotron-based
near-field infrared methods, and the phonon lifetime calculations.
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